Significance Statement {#s5}
======================

Individuals with late-life depression (LLD) are at a high risk of developing Alzheimer's disease (AD), and diminished olfactory identification (OI) serves as an effective biomarker in predicting AD in older adults. However, whether diminished OI is associated with the risk of developing AD in LLD patients remains unclear. We found that diminished OI is correlated with poor cognitive performance (particularly memory) and brain atrophy (olfactory bulb and hippocampus) in LLD patients. The LLD with OI impairment group had worse cognitive performance and more structural abnormalities in AD-related regions than the LLD without OI impairment group, and the patterns of structural abnormalities in the LLD with OI impairment patients were similar to those observed in the AD patients. The strong associations among diminished OI, cognitive impairment, and atrophy in AD-related regions in the LLD patients and the similarity in cognitive impairment and structural abnormalities between the LLD with OI impairment patients and AD patients suggest that OI may serve as an indicator for identifying LLD patients at a high risk of developing AD.

Introduction {#s6}
============

Late-life depression (LLD) is among the most common disabling mental illnesses in older people and affects 3.5 to 7.5% of the geriatric population ([@CIT0043]). LLD patients are considered at a high risk of developing dementia ([@CIT0019]; [@CIT0028]), and LLD may share common mechanisms with Alzheimer's disease (AD), such as alterations in glucocorticoid steroids, hippocampal atrophy, vascular disease, deficits in brain-derived neurotrophic factors, inflammatory changes, and increased deposition of β-amyloid plaques ([@CIT0004]; [@CIT0005]; [@CIT0042]). Whether LLD is an early manifestation or a risk factor of dementia remains controversial; however, the early identification of LLD patients who are most likely to develop AD could be advantageous for timely intervention. Comprehensive assessments of cognitive function may contribute to this early screening process, and LLD patients with poor cognitive performance (particularly memory deficits) exhibit more structural abnormalities in AD-related regions, more functional and white matter network abnormalities, a high amyloid load with hypermetabolism, increased cognitive decline, and higher rates of conversion to AD ([@CIT0023]; [@CIT0003]; [@CIT0024]; [@CIT0026]), suggesting that LLD patients with cognitive impairment may have a higher risk of developing AD. However, suboptimal effort may be common in LLD patients and lead to bias in neuropsychological assessments ([@CIT0002]); thus, early screening requiring less time, cost and subjective efforts may be more desirable for differentiating individuals at a high risk of developing AD from LLD patients.

Recently, diminished olfactory identification (OI) has been used as a supplemental assessment for the early detection of AD and an effective biomarker of AD pathology due to its advantages of being simple, cost-effective, and noninvasive ([@CIT0022]; [@CIT0035]; [@CIT0021]). OI, which is the ability to identify and denominate specific odors, depends on several cognitive processes, such as semantic memory access, denomination capacities, and comprehension of instructions ([@CIT0034]; [@CIT0035]). Therefore, OI impairment is considered to reflect the extent of cognitive impairment and brain malfunction in older individuals. In cross-sectional studies, individuals with diminished OI exhibited worse cognitive performance (memory, execution function, and language) ([@CIT0035]), reduced hippocampal volume (HV) and olfactory bulb volume (OBV) ([@CIT0037]), a thinner entorhinal cortex, increased cortical amyloid burden ([@CIT0012]), reduced blood flow in the frontotemporal lobe ([@CIT0040]), lower ratios of CSF t-tau and P~181~-tau to Aβ~1--42~ ([@CIT0021]), and a high proportion of these patients were APOE ε4 carriers ([@CIT0009]). In a longitudinal study, OI impairment predicted a faster cognitive decline and higher rate of conversion to AD in amnestic mild cognitive impairment (aMCI) patients and elderly controls ([@CIT0035]), particularly in combination with neuropsychological assessments and neuroimaging evaluations ([@CIT0008]; [@CIT0025]).

However, whether diminished OI could contribute to identifying LLD patients at a high risk of developing AD remains unclear, because studies specifically focusing on OI in LLD patients are lacking, and previous studies investigating olfactory function in depression patients did not exclusively focus on older adults. It has been repeatedly reported that it was olfactory threshold (OT) rather than OI that was significantly impaired in patients with depression ([@CIT0029]; [@CIT0020]; [@CIT0006]). In addition, OI impairment is only pronounced in depression patients with first-time high symptom severity and severe disease courses, and the prevalence of OI impairment in depression patients is similar to that in normal controls (approximately 15%) ([@CIT0020]). The patterns of olfactory impairment differ between AD and depression patients, and OI deficits may be significant in AD patients but not in depression patients ([@CIT0029]); thus, previous studies involving small sample sizes have successfully differentiated AD patients from depression patients using OI tests. At a cut-off score of 10/11 on the Sniffin' Sticks identification test, the specificity and sensitivity of OI impairment in distinguishing AD patients from depression patients is 95% and 100%, respectively ([@CIT0036]), and these rates are similar using the Pocket Smell Test (sensitivity=80% and specificity=100%) ([@CIT0032]).

Because LLD patients with cognitive impairment are more likely to convert to AD, and OI impairment is associated with cognitive impairment (particularly memory deficit) and the risk of developing AD, diminished OI may contribute to identifying prodromal AD in LLD patients, and LLD patients with OI impairment (LLD-OII) may be at a high risk of developing AD. Therefore, in the present study, we aimed to determine whether (1) LLD patients suffer from significant OI impairment, (2) diminished OI is associated with the cognitive impairment and reduced grey matter volume in LLD patients, (3) LLD-OII patients have worse cognitive impairment and more structural abnormalities than LLD patients without OI impairment (LLD-NOII), and (4) the neuropsychological and neuroimaging characteristics of LLD-OII patients are similar to those of AD patients.

METHODS {#s7}
=======

Participants {#s8}
------------

One hundred and twenty-five LLD patients and 50 AD patients were continuously recruited from the Affiliated Brain Hospital of Guangzhou Medical University (Guangzhou Huiai Hospital), and 60 normal controls (NCs) were recruited from the community in Guangzhou between May 2016 and July 2017. All subjects in our study were from the Chinese Han population. All participants or their legal guardians provided written informed consent to participate in the study. This study was approved by the ethics committees of The Affiliated Brain Hospital of Guangzhou Medical University (Guangzhou Huiai Hospital).

The inclusion criteria for the LLD group were as follows: (1) patients \>55 years of age; (2) patients who met the criteria for major depression disorder according to the DSM-IV after the age of 55; and (3) patients whose clinical stage and diagnosis were confirmed by a trained physician at our hospital. The following exclusion criteria were applied: (1) a history of another major psychiatric disorder, such as bipolar disorder or schizophrenia, (2) a family history of schizophrenia or bipolar disorder, (3) physical illness that may induce emotion abnormalities, such as anaemia or hypothyroidism, (4) neurological disease, such as brain tumor or stroke, and (5) current or previous psychotic symptoms. AD was diagnosed according to the NINCDS-ADRDA criteria by 2 trained neurologists ([@CIT0027]). The LLD and AD diagnoses were the primary diagnoses. A system interview was performed to collect participants' demographic data and information regarding comorbidities, personal history, family history, medication history, surgical history, and allergy history, and physical and neurological examinations were performed.

Neuropsychological Assessments {#s9}
------------------------------

After the participants underwent standard clinical assessments, they were interviewed by neuropsychologists to assess their global cognitive functioning using the Mini-mental State Examination (MMSE) and depressive state using the 17-item Hamilton Depression Rating Scale (HAMD-17). In addition, the participants in the NC and LLD groups underwent comprehensive neuropsychological tests to assess their performance in the following 5 cognitive domains: memory (the Logical Memory Test \[LMT\]), auditory (the Verbal Learning Test \[AVLT\]), language (the Boston Naming Test \[BNT\], and the Verbal Fluency Test \[VFT\]), executive function (the Stroop Colour and Word Test \[Stroop\] and the Trail-Making Test \[TMT\]), attention (the Symbol-Digit Modality Test \[SDMT\] and the Digit Span Test \[DST\]), and visuospatial skills (the Clock Drawing Test 4 \[CDT4\] and the Rey--Osterrieth complex figure \[ROCF\] test). The raw tests scores were adjusted using normative data, summed, and scaled to compute the domain z scores ([@CIT0018]; [@CIT0035]).

Olfactory Assessments {#s10}
---------------------

The olfactory function, including OI and OT, was assessed using the Sniffin' Sticks Screen 16 test ([@CIT0014]). The subjects completed a questionnaire surveying factors that may influence olfactory function (i.e., history of nasal trauma and surgery, history of radiation or chemotherapy, difficulty breathing through one side of the nose, etc). Subjects were excluded if they had an active upper respiratory/sinus infection or respiratory distress at the time of testing, congenital or traumatic anosmia, known nasal polyps or tumor, current or recent (prior 6 months) smoking status, and alcohol or substance dependence ([@CIT0014]). All olfactory assessments were performed in a quiet, odorless, ventilated room at the Affiliated Brain Hospital of Guangzhou Medical University. All participants underwent the OT and OI tests following neuropsychological assessments.

Neuroimaging Assessment {#s11}
-----------------------

Forty-five LLD patients, 20 AD patients, and 25 NC subjects volunteered to undergo MRI after the neuropsychological assessments and olfactory tests. All participants were ethnically Chinese Han and right-handed.

MRI Data Acquisition {#s12}
--------------------

The Philips 3.0 T MR system at the Affiliated Brain Hospital of Guangzhou Medical University was used to acquire the imaging data. For each participant, an anatomical image was obtained using a sagittal 3D gradient-echo T1-weighted sequence (TR=8.2 ms, TED=3.8 ms, TI=1100 ms, flip angle=8°, 188 slices, slice thickness=1 mm, Gap=0 mm, matrix=256x256, and inversion time=0).

Image Processing {#s13}
----------------

The MR data were preprocessed using the toolboxes in Statistical Parametric Mapping 12 (SPM 12, University College London) ([@CIT0039]). Briefly, each T1 image was segmented into the cerebrospinal fluid, white matter, and grey matter and then normalized to the Montreal Neurological Institute template. A Gaussian kernel filter of 8x8x8 mm^3^ was used to smooth the modulated image.

VBM Analysis {#s14}
------------

A general linear model was performed to investigate the smoothed modulated grey matter images using SPM 12. An ANCOVA was performed to analyze the voxel-wise grey matter volume ([@CIT0001]) differences among the groups, and the Least Significant Difference (LSD) posthoc test was used to perform the multiple comparisons; the covariates entered in the model included the total brain volume (=total white matter volume + total grey matter volume), age, sex, and years of education. This correction was confined in a grey matter mask using SPM 12 and adjusted using false discovery rate corrections (*P\<.*05). The mean left and right hippocampal grey matter volumes (HVs) were then extracted from the regions of interest using the anatomical automatic labelling brain atlas ([@CIT0039]).

OBV {#s15}
---

The OBV was calculated by planimetric manual contouring, and all surfaces were added and multiplied by 1 (1-mm slice thickness) to obtain the volume in mm^2^. Details regarding the OBV assessment are provided by Yousem et al. ([@CIT0046]), and this procedure has been used in many studies investigating the OBV ([@CIT0030], [@CIT0031]; [@CIT0007]; [@CIT0016]). The OBV assessments were performed by the same experimenter who was blind to the participants' conditions.

Statistic {#s16}
---------

The Statistical Package for the Social Sciences version 22.0 (IBM SPSS 22.0) was used to perform the statistical analyses. Chlorpromazine equivalent doses were used to unify the doses of different medicines ([@CIT0044]), and fluoxetine equivalent doses were used to unify the doses of different antidepressants ([@CIT0090]). The differences in the demographic and clinical variables among the groups were evaluated by performing a *χ*^2^ analysis, 1-way ANOVA, and Kruskal-Wallis nonparametric ANOVA as needed, and LSD posthoc tests were used to perform the multiple comparisons. Partial correlation analyses were performed to analyze the associations between the olfactory function and cognitive scores in the LLD patients; the control variables included age, sex, years of education, and HAMD scores. The associations between olfactory function and cognitive z scores in the LLD patients were analyzed by performing a multiple linear regression analysis. Partial correlation analyses were performed to analyze the associations among the behavioral indexes (OI and MMSE) and neuroimaging indexes (bilateral OBV and HV); the control variables included age, sex, and years of education. A score \<10 indicated the presence of OI impairment ([@CIT0015]), and the LLD patients were divided into the following 2 groups: LLD-OII and LLD-NOII. An ANCOVA was performed to compare the cognitive scores among the NC without olfactory identification impairment (NC-NOII), LLD-OII, LLD-NOII, and AD; the control variables included age, sex, years of education, and HAMD scores. An ANCOVA was performed to compare the OBV among the 4 groups, and the control variables included age, sex, years of education, and total brain volume. LSD posthoc tests were used to perform the multiple comparisons.

Results {#s17}
=======

Demographic Data {#s18}
----------------

The demographic data of the different groups are listed in [Table 1](#T1){ref-type="table"}. The NC group had significantly higher scores (MMSE, OI, and OT), and the AD group had significant lower scores (MMSE, OI, and OT) than the LLD group (*P\<.*05). No significant difference was observed in the OT (*t*=1.001, *P=.*318) and olfactory identification (*t*=1.029, *P=.*305) between the males and females. No significant correlation was found between the olfactory function and chlorpromazine equivalent doses and between the olfactory function and fluoxetine equivalent doses in all participants (*P*\>.05).

###### 

Demographic and Clinical Data of All Participants

                       NC (n=60)   LLD (n=125)   AD (n=50)   *F/χ* ^*2*^ */Z*   *P*      Posthoc^*^a^*^
  -------------------- ----------- ------------- ----------- ------------------ -------- ----------------
  Age                  65.4±7.3    66.7±6.2      71.9±9.9    11.702             \<.001   \-
  Male/female          24/36       29/96         22/28       9.535              .009     \-
  Years of education   9.1±3.5     8.0±4.0       6.8±4.1     4.700              .010     \-
  HAMD                 1 (0, 3)    7 (3, 15)     5 (2, 9)    69.010             \<.001   \-
  MMSE                 26.8±1.9    22.7±5.3      12.4±5.1    133.389            \<.001   A\>B\>C
  OI                   11.8±1.7    9.9±2.7       5.8±1.8     88.795             \<.001   A\>B\>C
  OT                   7.6±2.5     6.0±2.7       4.6±1.8     17.417             \<.001   A\>B\>C

Abbreviations: AD, Alzheimer's disease; HAMD, Hamilton Depression Rating Scale; LLD, late life depression; MMSE, Mini-mental State Examination; NC, normal control, OI, olfactory identification; OT, olfactory threshold.

^***a***^In posthoc multiple comparisons, A means normal control group, B means LLD group, and C means AD group.

Correlation Analysis {#s19}
--------------------

OI was positively correlated with the MMSE, AVLT (immediate recall, short-term delayed recall, long-term delayed recall, and recognition), LMT (immediate recall and delayed recall), BNT, VFT, and digital span and negatively correlated with Stroop A in the LLD patients (*P\<.*05) (see [Table 2](#T2){ref-type="table"}). No correlation was found between the OT and any cognitive scores (*P*\>.05). According to the multiple linear regression analysis, OI was significantly correlated with the memory z scores in the LLD group (*R*^*2*^=0.242, *B*=1.623, *P\<.*001, 95% CI was 1.056 to 2.190); however, no significant correlation was found between the OT scores and any cognitive z scores (*P*\>.05).

###### 

Correlations between OI and Neuropsychological Test Scores in LLD Patients

  Cognition                   Neuropsychological Test   *r*      *P*
  --------------------------- ------------------------- -------- --------
  Global                      MMSE                      0.422    \<.001
  Memory                      AVLT immediate recall     0.401    \<.001
  short-term delayed Recall   0.439                     \<.001   
  long-term delayed Recall    0.312                     .002     
  recognition                 0.332                     .012     
  LMT immediate recall        0.382                     \<.001   
  delayed Recall              0.384                     \<.001   
  Language                    BNT                       0.314    .002
  VFT                         0.322                     .001     
  Executive                   TMT B                     -0.128   .211
  Stroop A                    -0.223                    .028     
  Stroop SIE                  -0.047                    .647     
  Visual-space                ROCF                      0.122    .234
  CDT4                        -0.010                    .923     
  Attention                   SMDT                      0.135    .165
  Digital span                0.220                     .030     

Abbreviations: AVLT, auditory verbal learning; BNT, Boston Naming Test; CDT, Clock Drawing Test; DST, Digit Span Test; LMT, Logical Memory Test; ROCF, Rey-Osterrieth complex figure; SDMT, Symbol-Digit Modality Test; TMT, Trail-Making Test; VFT, Verbal Fluency Test.

In the LLD group, the OI scores were positively correlated with the left OBV (*r*=0.348, *P=.*028), right OBV (*r*=0.371, *P=.*018), mean OBV (*r*=0.396, *P=.*011), left HV (*r*=0.316, *P=.*047), and right HV (*r*=0.324, *P=.*041). The OT scores were positively correlated with the mean OBV (*r*=0.328, *P=.*039). The MMSE scores were positively correlated with the left OBV (*r*=0.399, *P=.*011), right OBV (*r*=0.381, *P=.*015), mean OBV (*r*=0.429, *P=.*006), and left HV (*r*=0.398, *P=.*011) (see [Figure 1](#F1){ref-type="fig"}).

![Partial correlation analysis of olfactory function and grey matter volume in patients with late life depression (LLD). Control variables included age, gender, and years of education. Blue represents olfactory identification (OI) and red represents olfactory threshold (OT). (A) OT (*r*=0.019, *P=.*906), OI (*r*= 0.316, *P=.*047). (B) OT (*r*=0.017, *P=.*919), OI (*r*= 0.324, *P=.*041); (C) OT (*r*=0.309, *P=.*052), OI (*r*=0.348, *P=.*028). (D) OT (*r*=0.288, *P=.*072), OI (*r*=0.371, *P=.*018). (E) OT (*r*=0.328, *P=.*039), OI (*r*=0.429, *P=.*006).](pyy01601){#F1}

Comparison of Normal Controls, LLD Patients with or without OI Impairment, and AD Patients {#s20}
------------------------------------------------------------------------------------------

The prevalence of OI impairment was 11.7% (n=7) in the NC group and 42.4% (n=53) in the LLD group (*χ*^2^=17.474, *P\<.*001). The demographic data were as follows: NC-NOII group, male 19, female 34, age 65.3±7.3 years, and years of education 9.2±3.4; LLD-NOII group, male 14, female 58, age 66.4±6.0 years, years of education 8.4±3.9, and HAMD 7 (3, 15); and LLD-OII group, male 15, female 38, age 67.1±6.6 years, years of education 7.5±4.2, and HAMD 8 (4, 15). Both LLD groups exhibited overall cognitive impairment, but the LLD-OII group demonstrated worse cognitive performance (global, memory, language, executive function, and attention) than the LLD-NOII group (*P\<.*05). A reduced OBV was found in the LLD-NOII, LLD-OII, and AD groups. Additional details are provided in [Table 3](#T3){ref-type="table"}.

###### 

Comparison among normal control, LLD with or without OI, and AD

                              NC-NOII (n=53)   LLD-NOII (n=72)   LLD-OII (n=53)   AD (n=50)    *χ* ^*2*^ */Z/F*   *P*      Posthoc^*a*^
  --------------------------- ---------------- ----------------- ---------------- ------------ ------------------ -------- ---------------
  OI                          12.2±1.4         11.8±1.4          7.3±1.8          5.8±1.8      171.827            ＜.001   A, B＞C\>D
  OT                          7.9±2.4          6.3±2.4           5.3±2.6          4.6±1.8      8.774              ＜.001   A\>B, C, D
  HAMD                        \-               7（3, 15）        8（4, 15）       \-           -0.689             .491     \-
  MMSE                        26.8±1.9         24.6±3.6          20.4±6.3         12.4±5.1     80.800             ＜.001   A, B＞C\>D
  AVLT immediate recall       21.3±4.1         18.1±5.4          13.9±5.6         \-           14.180             ＜.001   A＞B＞C
  Short-term delayed recall   7.7±1.9          6.1±2.5           3.6±3.0          \-           21.010             ＜.001   A＞B＞C
  Long-term delayed recall    7.0±2.3          5.2±2.8           3.2±3.2          \-           12.505             .012     A＞B＞C
  Recognition                 21.9±1.8         21.1±2.2          19.2±3.8         \-           6.750              .002     A,B＞C
  LMT immediate recall        5.7±2.6          4.6±2.8           3.0±2.4          \-           6.738              .002     A,B＞C
  Delayed recall              4.3±2.5          3.1±2.4           1.6±1.8          \-           10.517             \<.001   A,B＞C
  BNT                         22.7±2.6         20.5±3.9          18.2±4.9         \-           10.493             ＜.001   A＞B＞C
  VFT                         15.0±4.1         13.7±3.6          11.4±4.1         \-           6.757              .002     A,B＞C
  TMTB                        60.8±28.6        80.8±33.7         88.2±36.8        \-           4.831              .009     A＜B,C
  Stroop A                    27.7±5.8         33.0±8.1          37.4±10.6                     9.734              ＜.001   A\<B\<C
  Stroop SIE                  51.3±26.7        59.5±33.0         60.4±29.9        \-           0.276              .759     \-
  ROCF                        27.9±3.1         23.9±6.2          22.9±8.4         \-           4.179              .017     A＞B,C
  CDT4                        3.6±0.7          3.5±0.7           3.4±0.9          \-           0.391              .677     \-
  SMDT                        37.6±11.0        26.6±9.7          25.0±11.8        \-           7.236              .001     A＞B,C
  Digital span                17.1±3.7         14.6±3.8          13.6±3.7         \-           5.569              .005     A＞B,C
  Left OBV^*b*^               37.40±4.01       33.12±4.91        29.98±5.04       27.27±4.10   13.386             ＜.001   A\>B,C,D B\>D
  Right OBV^*b*^              37.03±4.67       34.84±5.37        30.91±4.64       27.51±2.97   13.370             ＜.001   A,B\>C\>D
  Mean OBV^*b*^               37.35±4.04       33.98±4.61        30.44±4.43       27.39±3.22   16.022             ＜.001   A\>B\>C\>D

Abbreviations: AD, Alzheimer's disease; AVLT, Auditory Verbal Learning; BNT, Boston Naming Test; CDT, Clock Drawing Test; DST, Digit Span Test; HAMD, Hamilton Depression Rating Scale; LLD-OII, late life depression with olfactory identification; LLD-NOII, late life depression without olfactory identification; LMT Logical Memory Test; MMSE, Mini-mental State Examination; NC-NOII, normal control without olfactory identification; OBV, olfactory bulb volume; OI, olfactory identification; OT, olfactory threshold; ROCF, Rey-Osterrieth complex figure, SDMT, Symbol-Digit Modality Test; TMT, Trail-Making Test; VFT Verbal Fluency Test.

^***a***^In posthoc multiple comparisons, A means normal control without OI impairment group, B means LLD without OI impairment group, C means LLD with OI impairment group, D means AD group.

^*b*^Comparison of OBV included 25 NC-NOII subjects, 25 LLD-NOII patients, 20 LLD-OII patients, and 20 AD patients.

VBM Analysis {#s21}
------------

A significant difference was observed in many areas among the subjects in the NC-NOII, LLD-NOII, LLD-OII, and AD groups (see [Table 4](#T4){ref-type="table"} and [Figure 2A](#F2){ref-type="fig"}). Compared with the NC-NOII group, the AD group displayed significantly reduced grey matter volume in the bilateral hippocampus, bilateral parahippocampal gyrus, bilateral superior temporal gyrus, bilateral middle temporal gyrus, bilateral inferior temporal gyrus, bilateral amygdala, bilateral entorhinal cortex, right inferior occipital gyrus, left middle frontal gyrus, and left inferior frontal gyrus (see [Figure 2B](#F2){ref-type="fig"}). Compared with the NC-NOII group, the LLD-OII group displayed diminished grey matter volume in the bilateral insula, bilateral hippocampus, bilateral parahippocampal gyrus, right superior temporal gyrus, right middle temporal gyrus, right inferior frontal gyrus, and right middle frontal gyrus (see [Figure 2C](#F2){ref-type="fig"}). Additionally, compared with the LLD-NOII group, the AD group displayed significant grey matter volume reductions in the bilateral hippocampus, bilateral parahippocampal gyrus, bilateral insula, bilateral precuneus, left middle temporal gyrus, left superior temporal gyrus, left inferior temporal gyrus, left rectus gyrus, right middle temporal gyrus, right inferior temporal gyrus, right fusiform gyrus, right inferior occipital gyrus, right middle occipital gyrus, and right angular (see [Figure 2D](#F2){ref-type="fig"}). No significant differences were observed between the NC-NOII and LLD-NOII groups, LLD-NOII and LLD-OII groups, and LLD-OII and AD groups.

###### 

Comparison of Grey Matter Volume among Normal Control without OI Impairment, LLD with/without OI Impairment, and AD

  Brain Area                               MNI                      
  ---------------------------------------- ----- ----- ----- ------ --------
  Left hippocampus                         -32   -12   -16   5013   20.452
  Left middle temporal gyrus               66    -34   0     1601   12.814
  Right angular                            54    -62   44    278    10.858
  Left lateral prefrontal cortex           -6    38    -28   223    9.924
  Left inferior temporal gyrus             48    -34   -22   180    11.668
  Left middle temporal gyrus               -67   -44   8     126    8.969
  Left inferior frontal gyrus              -50   38    6     116    9.724
  Right precuneus                          12    -64   64    113    9.224
  Left lateral inferior occipital cortex   -62   -64   -2    102    8.386

Abbreviation: MNI, Montreal Neurological Institute coordinate.

F test covariates included age, gender, years of education, and total brain volume. FDR correction, *P\<.*05.

![Comparison of grey matter volume among normal control without olfactory identification (OI) impairment, and late life depression (LLD) with or without OI impairment and Alzheimer's disease. ANCOVA, posthoc LSD test for multiple comparisons, covariates including total brain volume, age, gender, and years of education. This correction was confined within a grey matter mask and determined using false discovery rate (FDR) correction (*P*\<.05). The color scale bar shows the logarithmic scale of *P* values (-log^10^). The closer to the yellow, the more significant is the difference between groups. Abbreviations: AD, Alzheimer's disease; LLD-OII, late life depression with olfactory identification; LLD-NOII, late life depression without olfactory identification; NC-NOII, normal control without olfactory identification.](pyy01602){#F2}

Discussion {#s22}
==========

This study is the first to focus on OI in LLD patients, and the AD risk in LLD patients was analyzed from the perspective of olfactory function for the first time. We primarily found 4 results. First, the LLD patients suffered from significant OI and OT impairment, and the AD patients had worse OI and OT than the LLD patients. Second, the diminished OI in the LLD patients was correlated with poor cognitive performance (particularly memory) and reduced grey matter volume (bilateral OBV and HV); the OT was positively correlated with the mean OBV; however, no correlations were observed between the OT and any cognitive scores in the LLD patients. Third, the LLD-OII group showed worse cognitive performance and more structural abnormalities than the LLD-NOII group, and no significant reduction in the grey matter volume was found in the LLD-NOII group. Finally, the reduced volume in many areas (hippocampus, precuneus, etc.) in the AD group was also observed in the LLD with OI impairment group but not in the LLD without OI impairment group.

In previous studies, the OT, but not OI, was significantly impaired ([@CIT0029]; [@CIT0006]; [@CIT0020]) in depression patients, and the prevalence of OI impairment in depression patients (15.0%) was similar to that in the normal controls (15.3%) ([@CIT0020]), suggesting that olfactory deficits in depression patients are likely caused by dysfunction in perceptual processes or primary olfactory cortex. In the present study, compared with the NC group, the LLD patients suffered from significant OT and OI impairment, and the prevalence of OI impairment in the LLD patients (41.6%) was significant higher than that in the NC subjects (10.2%). The increased prevalence of OI impairment in the depression patients in our study may be partially due to ageing, because all participants in our study were older, and OI deterioration may begin at the age of 50 ([@CIT0047]). However, because the prevalence of OI impairment in the NC subjects in this study was similar to that reported in a previous study, ageing may have only a limited contribution to the increased prevalence observed among the LLD patients. Therefore, the olfactory deficit in LLD patients may result from malfunctions in perceptual processes in primary and high-order olfactory cortices.

The olfactory pathway is intertwined with the cognitive pathway, and many brain areas, such as the OB, hippocampus, amygdala, and orbitofrontal cortex, that are involved in OI processing are also damaged in AD patients ([@CIT0029]). The OB is considered the first central relay station of the olfactory system, and the importance of the OB is not limited to olfactory processing. Reduced OBV may not only reduce odor input and lead to diminished OT but could also possibly affect neurotransmitter concentrations and alter functioning in limbic and reward related areas, resulting in significant OI impairment and cognitive deficits ([@CIT0029]; [@CIT0006]). Moreover, OB atrophy occurs early in the disease process of AD and is correlated with global cognitive impairment, suggesting that the OBV may be advantageous for the early recognition of AD ([@CIT0037]). The hippocampus is an important part of the secondary olfactory cortex and is among the first brain areas to be damaged in AD; the degree of hippocampal atrophy may be associated with disease severity ([@CIT0033]). Therefore, the presence of AD pathology and dysfunction in the hippocampus may lead to an inability to store and retrieve memories of smell and correctly identify odorants ([@CIT0012]). Consistent with previous studies, we found that the reductions in the OBV and HV were correlated with diminished OI and poor cognitive performance in the LLD patients. Additionally, OI impairment was associated with worse cognitive performance (global cognitive function, language, executive function, and attention), particularly severe memory deficits, in the LLD patients. This finding is consistent with previous observations in normal elderly individuals and aMCI patients ([@CIT0035]), suggesting that diminished OI may play a similar role in LLD patients as in normal elderly individuals and aMCI patients. Moreover, the OT was positively correlated with the OBV, but not the HV, and no correlation was found between the OT and any cognitive scores because the OT supposedly reflects malfunctions at the primary processing level.

Diminished OI has been repeatedly shown to contribute to identifying individuals at a high risk of developing AD among normal older adults and aMCI patients ([@CIT0008]; [@CIT0025]). Because certain LLD patients may be prodromal AD patients, and diminished OI is strongly associated with cognitive impairment and high-order brain area dysfunction in LLD patients, diminished OI may play a similar role in LLD patients, which could be advantageous in identifying individuals at a high risk of developing AD. We hypothesize that LLD-OII patients, but not LLD-NOII patients, may be at a high risk of developing AD, and the following 3 observations support our hypothesis.

First, the LLD-OII patients exhibited worse cognitive performance than the LLD-NOII patients. Both the LLD-OII and LLD-NOII patients suffered from overall cognitive impairment (memory, language, executive function, attention, and visuospatial skills), which is consistent with the results of previous studies ([@CIT0041]). However, global cognitive function, logical memory, verbal fluency, and verbal recognition in the LLD-NOII group was intact, and the LLD-OII group exhibited worse performance in the MMSE scores, all memory scores, all language scores, and Stroop A scores than the LLD-NOII group. Memory deficits are typical symptoms of AD ([@CIT0027]), and the MMSE, AVLT, and LMT have long been used in early AD screening ([@CIT0017]; [@CIT0038]; [@CIT0011];). In addition, LLD patients with cognitive impairment (memory deficit) have been shown to be at a high risk of developing AD ([@CIT0023]). Therefore, the similar patterns of cognitive impairment between the LLD-OII patients and AD patients indicates that LLD-OII patients may be more susceptible to developing dementia than LLD-NOII patients.

Second, the LLD-OII patients had more structural abnormalities than the LLD-NOII patients. A significantly decreased grey matter volume was found in the LLD-OII group compared with that in the NC-NOII group, and the decreases in the AD group were greater than those in the LLD-NOII group; however, no significant difference was found between the LLD-NOII and NC-NOII groups, LLD-OII and AD groups, and LLD-OII and LLD-NOII groups. Thus, more structural abnormalities were observed in the LLD-OII patients than in the LLD-NOII patients, suggesting that LLD-OII patients may be at a higher risk of developing dementia.

Third, the pattern of structural abnormalities in the LLD-OII patients was similar to that in the AD patients. Many damaged areas in the LLD-OII patients, such as the hippocampus, OB, and precuneus, were not only altered in the AD patients in the present study but have also been repeatedly reported in previous studies involving patients who were preferentially affected by AD ([@CIT0045]). Additionally, many structural abnormalities are neurostructural predictors of AD; for instance, hippocampal atrophy is the most typical neuroimaging characteristic of AD and has been listed as a diagnostic criterion for AD ([@CIT0027]), and a reduced OBV may contribute to the early diagnosis of AD ([@CIT0037]). Considering that the pattern of structural abnormalities in the LLD-OII patients was similar to that in the AD patients, LLD-OII patients, but not LLD-NOII patients, may suffer from early AD, the prodrome of which is depression.

The present study has a few limitations. First, our results relied on a cross-sectional analysis. Longitudinal studies are needed to track the progression of cognitive decline and conversion rate of AD in patients with LLD and verify whether OI impairment could serve as a biomarker for differentiating early AD from patients with LLD. Second, OI deficits, depression, and cognitive impairment may also be predictors of Parkinson's Disease, Dementia with Lewy Bodies, and other neurodegenerative diseases ([@CIT0010]). Future studies combining CSF biomarkers, positron emission tomography, and gene polymorphisms will be advantageous for addressing potential confounds. Third, although we excluded participants with a current smoking status, acute respiratory tract infection, history of nasal surgery, and other conditions that could affect olfaction, we were unable to exclude the influence of a history of smoking, allergies, medicine, or nasal diseases because these aspects are common in most participants. Finally, we analyzed only the grey matter alterations in the participants, and their neuroimaging characteristics may not have been fully elucidated; further studies using multi-model inference and network-based analyses are currently in progress.

In summary, the LLD patients suffered from significant OI impairment, and diminished OI was associated with cognitive impairment (particularly memory deficit) and reduced grey matter volume (OB and hippocampus). The LLD-OII patients had worse cognitive performance and more structural abnormalities than the LLD-NOII patients, and the neuropsychological and neuroimaging characteristics of the LLD-OII patients were similar to those of the AD patients, suggesting that LLD-OII patients may be at a high risk of developing AD. Longitudinal studies are currently ongoing to determine whether LLD-OII patients have a faster cognitive decline and higher rate of conversion to AD and whether a combination of OI and other predictors improves the sensitivity and specificity of predicting AD.
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